The membranous biogas treating research allowed determine optimal parameters of the process, affecting the membrane separation efficiency, permeability and selectivity. The working pressure falls within the limits of 0.6 MPa. The membranous gas treating regularities in a membrane apparatus were determined. The concentration-permeability relation and pressure effect on the permeability were determined. A mass transport mechanism through the membrane pores was established. The membrane structure and material basic requirements and membranous process principle at the gas treating were established. Relation of the membrane mass-transfer coefficient to a permeate flow on the phase rate, the mass-transfer coefficient in the membrane pores on an inside diffusion coefficient showed that increase in the rate results in increase of the mass-transfer coefficient, and also that while the external mass-transfer resistance determines the overall process rate, the process can be intensified.
A rational use of agricultural wastes is a great and important current problem 1, 2 . It is related, on the one hand, to the opportunity to use the vast biomass energy potential to produce a liquid and gaseous fuel (biogas), on the other handwith the need to prevent contamination of water bodies, soil infection by malignant bacteria and helminths, contained in manurial drains of stockraising farms. Both these aspects became the object for studies and experiments.
The most commonly encountered method to produce energy from the biomass is an anaerobic (without access of oxygen) fermentation of agricultural wastes [3] [4] [5] . Produced in a result of this process products -the biogas and fermented semifluid mass -are of considerable value as a gaseous fuel and organic fertilizers.
At the first stage of the anaerobic fermentation of organic substances by the biochemical degradation (hydrolysis), there is a decomposition of macromolecular compounds (hydrocarbons, fats, protein substances) to low molecular organic compounds [6] [7] [8] [9] [10] . At the second stage, with the participation of acid-forming bacteria, there is the further decomposition with the formation of organic acids and their salts, and alcohols, CO 2 and O 2 , and then H 2 S and NH 3 . The final bacterial change of the organic substances to ÑÎ 2 and ÑÍ 4 occurs at the third stage of the process (methane fermentation). Besides, an additional quantity of CH 4 and C 2 O is formed in the following from CO 2 and H 2 . These reactions flow simultaneously, at that, the methane-forming bacteria specify to their living conditions considerably higher requirements than the acidforming bacteria. Thus, for example, they need the absolutely anaerobic environment and more time for the reproduction. The methane-forming bacteria anaerobic fermentation rate and scales depend on their metabolic activity.
Biogas plants meant for a manure and agricultural wastes recycling are being constructed 11, 12 . Besides the plant, including fermentation cabinets, gasholder and the fermented mass (sludge) storage, a pumping unit for the sludge transfer to fields and electric station, the biogaspowered, is being built.
The biogas production interest has considerably increased in recent years. This is shown not only in the increasing number of planned and building biogas plants, but also in the interest of many farmers, public services, enterprises, politicians and private economies 13 . By its properties, the biogas is close to a natural gas 14 .
A considerable part of the fuel gas can be produced from alternative sources of raw materials by the anaerobic decomposition of effluents, agricultural wastes, and so on. At that, the biogas preparation (its cleaning from CO 2 , H 2 S and drying with the following compression for the storage and distribution to users) using the membranous methods in comparison with the traditional one, for example with absorption and adsorption, may give a significant economic effect 15 . The biogas, produced by the anaerobic decomposition of wastes, contains methane (≈60% (gen.)) and carbon dioxide (≈40% (gen.)). The gas contains hydrogen sulfide, ammonia, water vapor; its heating value is low -19.5-19.8 MJ/m 3 . After the cleaning and drying the gas should contain at least 98% (gen.) of CH 4 (with heating value at least 33.0 MJ/m 3 ), H 2 S concentration should not exceed (3-5) 10 -4 % (3-5 mln -1 ). Several variants of the process organization, for each of which we determine the membranes required surface, compression costs, methane extraction degree from the base mixture at different conditions (pressure, decomposition stages number and recycle rate in the schemes with the recycle), are possible. CH 4 high extraction degree can be achieved using a two-stage scheme, however, at that, the membrane required surface and energy costs increase. The payback period of the plant by the base gas is less than 3 years, at that, with increase in the cleanable biogas consumption this period reduces. In the decomposition to one stage, methane concentration in the fuel gas reaches 98% (gen.). At increase in the stage number (operation in a cascade mode) an achievement of high -up to 90% -methane recovery degree from the base biogas is possible. It is evident that even at high (3540 m 3 /h) gas loads, the membranous plant operation is cost-effective.
It is taken to be 16 that the fuel gas considerable part in the nearest future will be produced from alternative sources of raw materials by the anaerobic decomposition of the effluents, agricultural wastes, and so on. At that, the biogas preparation (its cleaning from CO 2 , H 2 S and drying with the following compression for the storage and distribution to users) using the membranous methods in comparison with the traditional one, for example with absorption and adsorption, may give a significant economic effect.
A technical and economic assessment of the fuel gas production using composite membranes MEM-079 was carried out 16, 17 . Several variants of the process organization, for each of which we determined the membranes required surface, compression costs, methane extraction degree from the base mixture at different conditions (pressure, decomposition stages number and recycle rate in the schemes with the recycle), were considered. The following data were taken as a basis of the assessments: the base gas composition -62% (gen.) CH 2 38% (gen.) CO 2 , moisture; required product composition (dried fuel gas) -98% (gen.) CH 2 , 2% (gen.) CO 2 ; the base flow pressure -0,5 MPa; load by the base biogas -400 m 3 /h. CH 4 high extraction degree can be achieved using the two-stage scheme, however, at that, the membrane required surface and energy costs increase. Analyzing the relationship between the CO 2 /CH 4 achievable decomposition factor and cleaning process parameters in terms of the onestage scheme, it may be concluded that the decomposition factor considerably influences on the extraction degree only to some defined value (in this case α=10). This is confirmed in terms of other gas membranous decomposition processes.
Comparison of different biogas cleaning methods, including the membranous one, is given in reference 16 .
In 1985, Monsanto Company put into operation the biogas cleaning industrial plant, produced from municipal effluents with the help of apparatus on hollow fibers "Prizm" 18 . A gas for a separation is fed under 2.0 MPa pressure. In a result of the cleaning, CO 2 concentration reduces from 34 to 2% (gen.). A minimal load by the accompanying gas is 300 m 3 /h. The payback period of the plant is at least 6 years, moreover, with increase in the cleanable biogas consumption this period considerably reduces.
The papers 19, 20 made a comparison of the biogas cleaning costs by means of membranes of GKSS research center and absorption methodsby water washing-out and ethanolamine (MEA and DEA) cleaning. Computations were carried out for the load by the base gas 118, 1180 and 3540 m 3 /h; the gas pressure delivered for the cleaning -1.5 MPa.
The test data of the pilot plant with apparatus of a flat chamber type (MEM 079 membrane) showed that even at the separation into one stage , methane concentration in the fuel gas reaches 98% (gen.). At increase in the stage number (operation in the cascade mode) the achievement of high -up to 90% -methane recovery degree from the base biogas is possible. It is evident that even at high (3540 m 3 /h) gas loads, the membranous plant operation is cost-effective.
Costs for the membranous cleaning, resulting from the pilot and industrial plants operation were compared with costs for absorptive "Selecsolprocess" (an absorbent -dimethyl polyethylene glycol ester) 21 . It follows from the obtained data, that the membranous separation method can be effectively used for the biogas cleaning.
A breakdown of solid domestic waste (SDW), on 55-70% consisting of organic compounds, carries to a large extent identically to a fermentation of highly polluted waste waters or municipal sewage treatment residuals 22 . In a result of this process, the biogas having a combustion heat 18900 -25100 kJ/m 3 (4500 -6000 kcal/m 3 ) and the following averaged composition: methane -50-65%, carbon dioxide -30-45%, hydrogen sulfide -0.2-0.8%, nitrogen, oxygen, hydrogen -1-2%, aromatic hydrocarbons, esters -up to 1%, is formed. The biogas average humidity is 35-40%.
By the ballast and hydrogen sulfide cleaning and drying, the biogas combustion heat can be increased up to 27200 -31400 kJ/m 3 (6500 -7500 kcal/m 3 ), or up to 80% of the natural gas combustion heat. Obtained at the municipal solid waste landfills, the biogas can be used as a fuel material for municipal purposes and agriculture, as well as for electric-power generation. At the same time, the biogas recovery from the landfills allows improve their environmental situation, reduce atmospheric contamination and practically eliminate spontaneous combustion of the wastes.
The paper 23 gives a scheme for production of combustible gases using membranous contactors, integrated with bioreactors. It presents results of microorganism selection to produce the biogas (methanogenic community) and hydrogen from glucose at lactate decomposition. A continuous anaerobic biomass densification into the biogas by a stable methanogenic community of microorganisms, which is formed during 4 weeks of cultivation, at that the biogas output was 48 ml/l of a liquid culture a day (0.6 m 3 /kg of a dry biomass), was developed. The average hydrogen capacity is 0.25 ml H 2 /min of 1 mg protein (0.25 l of H 2 / 1 kg raw material). It was shown that the membranous contactors use at the separable gaseous mixture feeding gradually by a counter flow to the adsorbent parallel flow, allows achieve up to 98% of the target component separation efficiency at 7 parallel flows of the liquid carrier (the membrane total area was 280 cm 2 ). The researches were carried out on model mixtures He+CO 2 (80+20 gen. %). In combination with the membranous contractors with an asymmetric membrane on the basis of polyvinyltrimethylsilan (a thickness of the selective layer is 0.2 mcm), an effective production of combustible gases of a technical purity is possible (CH 4 up to 95 gen. %, H 2 up to 98 gen. %).
The membrane as distinguished from "accumulative" systems for cleaning of gases (active carbon, ion exchange resins, etc.) does not accumulate impurities inside, that excludes a probability of their penetration into the purified gas. The detained particle size is determined by the membrane structure, i.e. by its pore size.
The search of new capabilities of the membranous technologies on both developments of new membranous process to solve actual applied problems and optimization of available processes' process flow diagrams puts forward the whole complex of problems, related to the development of algorithms and programs on their base. They will allow carry out a preliminary calculation of various processes (or their combination), speed up the output on the optimal parameters, and reduce, by the same token, a period for pre-project working out, by selection of the optimal parameters of the process and scheme basic stages as a whole. This will allow at the selection of definite separation modes increase the membranes' permeability and selectivity by the target components with achievement of the membranes' functional characteristics stability.
The biogas membranous cleaning offered technologies will provide the high-effective methane concentration. The intent, basic functions of the membranous apparatus and technologies are based on a mechanism polished by a centuriesold nature evolution. It allows carry out processes of separation, concentration and purification of mixtures on a molecular and supramolecular level with simultaneous utilization of valuable products. The reagentlessness, exclusion of phase changes and use of dissolvent, energy saving, ecological cleanness, comparative simplicity of the technological processing and relatively low temperatures provide the high competitiveness and wide use of the membranous processes at the biogas cleaning.
MATERIAL AND METHODS
Classical and modern physical-chemical research methods, allowing obtain total characteristics of the research objects, by which it is possible to estimate a conformational molecular state, properties and availability of different functional groups and properties of materials, were used in the paper. Modern measuring means, metrological standards, methods of statistical analysis of the measuring results, ensuring the measurements' uniformity and desired precision, identification of admissible errors and faults of the results and limits, which should not be overstepped at the specified probability, were used in the scientific-research work with a view to enhance the biogas safety and quality, reliable accounting of all kinds of material and energy resources, conformity of developments by the technology, reliability of determinations in the researches and scientific developments, control of the working condition safety, environmental protection. The units of measurement correspond to the metrological rules and norms of SI system.
A laboratory-scale biogas plant with its reactor volume in 0.25 m 3 was developed and produced for the experimental check and demonstration of the renewable energy resources potentials, as well as for the cattle manure anaerobic fermentation modes processing in the laboratory conditions in M. Auezov SKSU .
According to the scheme, foreign impurities, such as wood chips, straw, stones, coarse long stalked orts, and so on, are removed from the manure.
The liquid manure purified from these impurities is supplied into the bioreactor for the anaerobic fermentation.
A microflora that gradually decomposes organic substances to volatile fatty acids, which under the action of syntrophic bacteria and methane-forming products change to the gaseous products -methane and carbon dioxide, is developed in the manure during the fermentation. At the same time, at the manure fermentation, its deodorization, worming process, killing of weed seeds' property to germination, and change of fertilizing substances into a mineral form is provided.
The biogas plant consists of three base apparatus -the bioreactor for the manure anaerobic fermentation, gasholder, apparatus for preparation of the manure to the fermentation, as well as auxiliaries to provide the bioreactor system functioning. The bioreactor is a cylindrical vessel -methane tank from a black steel by 7 mm thickness. The methane tank height is 1.5 m, its diameter is 530 mm. The reactor is equipped by an electric heating unit with the heat-exchange surface area in 0.33 m 2 .
A mixing of a substrate in the reactor is hydraulic with the help of a pump and pipelines with valves. At the pump operation in the mixing mode, the substrate is taken from the reactor by the pipelines in its upper part.
The fermented manure removal occurs as a fresh portion comes in through the pipelines for the effluent removal.
For the reactor discharge, there is a discharge gate in its bottom part. Table 1 presents basic engineering performance of the biogas plant.
General requirements to the biogas plants, anaerobic conditions in the methane tank, temperature condition compliance, acid-base balance, requirements to characteristics of the convertible wastes, the bioreactor operation mode, requirements to the structure, water and gas impermeability, the methane tank structure reliability, control and measuring instruments, requirements to the biogas gathering facilities, were determined by the following standards: GOST R 52808-2007 Unconventional technologies. Energetics of bio-wastes. Terms and definitions, GOST R 53790-2010 Unconventional technologies.
Energetics of bio-wastes. Specifications to the biogas plants, GOST 14920-79 DRY GAS. A method for determination of a fractional analysis, Process procedure. The biogas production from the solid waste landfills. Scientific and technical information office of the municipal economy academy. Moscow 1990, GOST 22387.2-97 Methods for determination of hydrogen sulfide and mercaptan sulfur [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
RESULTS AND DISCUSSION
A selection of the working pressure depends on the membranous channel resistance. Obtained experimental values of the permeability dependence on the working pressure show the following characteristic moments (Figure 1 ). The permeability against the pressure increases in the beginning, but this dependence is nonlinear and then becomes sensibly constant. Increase in the pressure results in increase of the membrane surface impurities concentration. Figure 2 presents the pressureselectivity relationship. With increase in the pressure, the selectivity decreases, as in the pressure increase, the selectivity increases by all components, i.e. decreases by the required component. Figure 3 presents the rate effect on the permeability, from which it is seen, that with increase in the flow rate the air permeability increases.
A moving force of the process is the pressure difference. The membranes pore sizes or external pressure is selected in such a way that the molecules' free length should be more than the pore size, i.e. Knudsen flow should be in the pores. At the Knudsen flow, the stream is inversely proportional to the molecular mass mean square. This relationship determines the separation coefficient.
In large pores, when the pore diameter is larger than the adsorptive molecules' mean free path, the advantageous transfer is normal or volume diffusion.
The assumption that the diffusion transfer is carried out in a result of sequential periodical bursts of diffusing molecules from one transfer. These positions were taken as the basis of some theoretical correlations, obtained by researchers, which based on different assumptions and serve to explain experimental results on determination of a viscosity, solubility and diffusion in the polymers. Therefore, dealing with "free volume theory" term, often used in qualitative interpretation of experimental results, we should fairly imagine that the question is not about a rigorous mathematical formulation of the process, but about some complex of different theoretical calculations. However, admittedly the base model of "free volume" for the qualitative analysis of the observed experimental relationships by the diffusion of small molecules in the polymers becomes efficient and holds considerably serious substantiations.
With increase in the diffusing gases pressure, the molecules' free length becomes comparable and smaller than the pore diameter and the Knudsen flow changes either into a viscous stream, if the pressure gradient is applied to the membrane, or into the molecular inter-diffusion mode, if the constant pressure is maintained from both sides of the membrane, but the gaseous composition differs. Under the molecular interdiffusion we mean a diffusion in gases at the less free length than the pore size.
At the viscous stream, the gas separation is not occurred in the pores. In this case, the membrane may carry out separating functions most probably as a filter only because of steric effects, i.e. trap those molecules or aerosol particles, which size is larger than the pore size.
It seems, the porous membranes, where the molecular diffusion mode is implemented, have never been used in any separation processes, although we should not exclude such possibilities for some specific cases. A great number of original and review publications is dedicated to the study of the molecular diffusion processes in the porous catalysts and sorbents, and also the transfer conditions from the Knudsen diffusion to the molecular diffusion at the same objects [43] [44] [45] [46] [47] . Let us mark that the effective diffusion coefficient in this case is usually calculated from a semi-empirical correlation. Figure 4 presents a dependence of the mass-transfer coefficient on the membrane to the permeate flow on the phase rate. It is seen from the Figure that increase in the rate results in the masstransfer coefficient increase. The mass-transfer rate depends on the dynamic gas motion mode, providing quicker delivery of the molecules to the layer's external boundary, than the diffusion through their layer to its internal boundary. The higher the gas mixing intensity in the defined limits, the less the diffusing molecules' path length to the membrane surface and the faster their delivery to this surface. Figure 5 presents a dependence of the mass-transfer coefficient in the membrane pores on the internal diffusion coefficient. It is seen from the Figure that as long as the process' overall rate determines the resistance to the external masstransfer, the process can be intensified by increasing the gas mixing intensity.
For the effective operation of the membranous apparatus, it is necessary to carry out preliminary processing of the gas mixture before its delivery directly to the membranous cleaning plant. It is necessary to install apparatus for the gas drying, high-efficiency separator and filter ( Figure 6 ).
The biogas contains methane 58.9% (gen.) and carbon dioxide 38.6% (gen. Two-staged cleaning scheme presented in Figure  7 is offered.
CONCLUSION
The experimental values of the permeability dependence on the working pressure show that the permeability depending on the pressure increases in the beginning and then becomes sensibly constant. The selectivity dependence on the pressure shows that with increase in the pressure, the selectivity decreases, as in the pressure increase, the selectivity increases by all components, i.e. decreases by the required component. The dependence of the rate effect on the permeability shows that with increase in the flow rate the air permeability increases. It is seen from the dependence of the mass-transfer coefficient on the membrane to the permeate flow on the phase rate that increase in the rate results in the mass-transfer coefficient increase. It is seen from the dependence of the mass-transfer coefficient in the membrane pores on the internal diffusion coefficient that as long as the process' overall rate determines the resistance to the external mass-transfer, the process can be intensified by increasing the gas mixing intensity. For the effective operation of the membranous apparatus, it is necessary to carry out preliminary processing of the gas mixture before its delivery directly to the membranous cleaning plant.
